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Abiotic stressAbiotic stresses affect the yield of crop plants worldwide. Plant species have evolved in such a way that they are
able to cope up with these stresses to a certain extent. For further increases in yield and productivity in plants
under stress conditions, there is a need to understand the mechanisms and the genes involved in their stress sig-
naling and the information so generated can be utilized in abiotic stress improvement in crops. Brassica species
and their different morphotypes are used worldwide as vegetables and oilseed crops. One important species of
Brassica known as Brassica rapa (= Brassica campestris) has different morphotypes like turnip, Chinese cabbage
and yellowmustard. Recent genome sequencing of one of its morphotypes— Chinese cabbage, an important veg-
etable crop in China, has openedup the avenues for a comparative study of othermorphotypes of this species. Yel-
lowmustard, a morphotype of B. rapa is an important oil yielding crop in India. It is mainly grown in the northern
parts of India and is very sensitive to salt and drought stress. The genome sequencing of B. rapa subsp. Chifu
(Chinese cabbage) would help in the genome wide analysis of different genes important in development and
stress tolerance. Annexins, a protein family important for plant growth and development under normal and stress
conditions, are ubiquitously found inplant and animal kingdomsand otherunicellular organisms. In this study,we
have identiﬁed the different annexin sequences present in the genomeof B. rapa subsp. Chifu and conducted a ge-
nomewide expression analysis of different annexin members in an Indian variety (Yellow Sarson) of B. rapa. Our
study showed the differential expression of the gene family under normal and stress conditions underlying their
involvement in different stages. Bra034402 with homology to AnnAt1 and AnnBj1 got signiﬁcantly upregulated in
all hormone and stress treatments where as others showed differential up- or downregulation.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. IntroductionAnnexin is a multigene family present in plants, animals and other
unicellular organisms and its members have been shown to play impor-
tant role in growth and development of plant under normal and stress
conditions. Various functions like GTPase activity, Ca++ binding, phos-
pholipid binding, ion channel property, and actin binding have been
proposed for annexin proteins. This family of proteins has been well
characterized in animal systems. The presence of annexin repeats or do-
mains is the characteristic feature of this protein family, which is con-
served through the evolution. The number of core repeats varies in
different annexins. Animal annexins possess a long N-terminal se-
quence and variation in this region is the main source of functionalcid; MeJa, Methyl Jasmonate;
ences, School of Life Sciences,
, Hyderabad, 500046, India.
ankerbhu@gmail.com
. This is an open access article underdiversity in animal annexin. Contrary to this, plant annexins have a
short N-terminal region and two dysfunctional canonical Ca++ binding
sites. The functional diversity amongplant annexins ismostly attributed
to sequence variation in its core repeats. Phylogenetic and structural
analysis of different plant annexins show that this gene family has
adapted different molecular structures and functions in the course of
evolution (reviewed by Clark et al., 2012). Many of the previous reports
have generalized some properties to this group of proteins like Ca++
binding andmembrane binding. But, studies on structural aspects of dif-
ferent plant annexins by Clark et al. (2012) suggests that a generalized
function to all the annexins like Ca++ binding property cannot be justi-
ﬁed as an universal feature of all the plant annexins and this is also cor-
roborated by the Ca++ independent membrane binding (Dabitz et al.,
2005). Various other functions of annexins, which have been reported
so far suggest that the structure and functions of these proteins not
only vary from species to species, but also changes within a species,
and their number can also vary from single to many in different plant
species, which could be due to different levels of selection pressure
varying between species (Clark et al., 2012). Because of the diversity
in annexin sequences and their structure, it is very difﬁcult to give athe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al. (2012) tried to classify annexins of all the seed plants into 40 dis-
tinct subfamilies based on phylogenetic analysis. But, with the addition
of new annexin sequences from different newly sequenced plant ge-
nome, there will be a scope for the addition of new subfamilies to the
present classiﬁcation. Previous reports about genome wide identiﬁca-
tion and characterization of plant annexin families in different species
showed the presence of variable number of annexin domains ≤4 in dif-
ferent annexin members. This variability in the number of annexin
domains might form the basis for future annexin classiﬁcation.
Brassica rapa (2n = 20) is evolutionarily related to Arabidopsis
thaliana and provides useful resource for comparative genomic analysis.
Different morphotypes of B. rapa are grown all over the world for vege-
tables and oil seed production. Recent genome sequencing of B. rapa
sub sp. Chiifu-401-42 has hastened the identiﬁcation of gene families
and other functional elements involved in stress resistance. The
biological and physiological signiﬁcance of annexins and their potential
applications for improving plant stress tolerance encouraged the identi-
ﬁcation and characterization of annexin gene families in many plant
species. Their structure and genomic distribution were well studied
in A. thaliana (eight members) and Oryza sativa (ten members) and
gene expression studies of these annexin families were shown in the
previous reports (Clark et al., 2001; Cantero et al., 2006; Jami et al.,
2012). With the availability of the genome sequence of B. rapa
and B. olearacea, it has become clear that the B. rapa genome has
evolved through whole genome triplication (WGT). Further events of
tetraploidization and allotetraploidization helped in the emergence of
the present crops with different morphotypes (Cheng et al., 2014).
The three subgenomes LF, MF1 and MF2 represent the least fractionat-
ed, medium fractionated and most fractionated subgenomes. These
subgenomes also affect the expression patterns of genes distributed
throughout the genome. In a way, this genome fractionation has helped
in the evolution of crop Brassicas in the course of evolution (Fang et al.,
2012). In this process,many genes have lost their copy number and sev-
eral have retained or extended their copy number depending on their
functional importance in the plant. For understanding the evolution of
plant annexins, it is necessary to understand their distribution and orga-
nization in the B. rapa genome. The correlation between B. rapa and
A. thaliana genomes is also important in understanding the annexin
gene evolution in Brassicaceae.
Current diploid genome of B. rapa had gone through whole genome
triplicationWGT,which happened between 13 and 17million years ago
(MYA) (Yang et al., 1999; Town et al., 2006) in its ancestral genome
after its divergence from A. thaliana (Beilstein et al., 2010). This natural
polyploidization also known as (WGT) occurred in two steps (Cheng
et al., 2012b). Polyploid genome has gone through many changes like
chromosomal translocation, deletion, inactivation of centromeres,
which resulted in the current B. rapa genome with ten chromosomes.
Despite the changes in the B. rapa genome after (WGT), it is still easy
to identify the subgenomic components, which took part in the two-
step polyploidization. The other changes, which happened at the
subgenomic level is gene fractionation, which caused the biased reten-
tion and loss of different genes and gene families at sub genomic level.
On the basis of the extent of gene fractionation that happened in the
different subgenomes, they have been named as LF, MF1 and MF2. On
the basis of collinearity and genome comparison with A. thaliana, iden-
tiﬁcation of the three contributory subgenomes present in B. rapa has
become easier. In the A. thaliana genome, eight annexin members
were identiﬁed. The effect of gene fractionation on subgenomic distri-
bution of B. rapa annexins and their synteny with A. thaliana annexin
members are important for understanding the contribution and signiﬁ-
cance of annexin family in the B. rapa genome.
In the current study, we analyzed the annexin family gene distribu-
tion in B. rapa genome and its evolutionary signiﬁcance. A total of 13
annexin sequences were identiﬁed in B. rapa genome by homology
and synteny analyses. We have also analyzed the expression patternsof annexin genes of B. rapaunder different stress and growth conditions.
These results are discussed in the present communication.
2. Materials and methods
2.1. Sequence retrieval of annexins
Annexin sequences in the genome of B. rapawere retrieved from the
B. rapa genome database (BrGDB). Annexins in B. juncea and A. thaliana
were searched using the Phytozome v10.0 GBrowse database (http://
www.phytozome.net/) (Goodstein et al., 2012) and The Arabidopsis
thaliana Information Resource (TAIR) (https://www.arabidopsis.org/).
For the annexin sequence search in the B. rapa genome Database
(http://www.plantgdb.org/BrGDB/) (Wang et al., 2011; Cheng et al.,
2011), BLAST all GDBs (http://www.plantgdb.org/BrGDB/cgi-bin/
blastAllGDB.pl) tool was used and Arabidopsis conserved annexin do-
mains were used as a queries in the BRpep of BrGDB. The search was
based on a BLASTP search with an expected e value of 1e-4 and the
genes with more than 100 BLAST score value were selected in
the present study. The identiﬁed annexins were used as queries to re-
conﬁrm the multiple databases to ensure that no additional related
genes were missing in the analysis. All the sequences that met the
requirements were analyzed to eliminate genes that did not contain
the known conserved domains and motifs using the Pfam database
(http://pfam.janelia.org/) (Punta et al., 2012) and SMART database
(http://smart.embl-heidelberg.de/) (Letunic et al., 2012).
2.2. Motif recognition, multiple-sequence alignment and phylogenetic
analysis
All the motifs and domains in annexin sequences of B. rapa were
predicted by using SMART program (http://smart.embl-heidelberg.
de). Putative protein sequences coded by the annexin genes of B. rapa,
B. juncea and A. thaliana were aligned by using Clustalw alignment
tool on MEGA6 platform (Tamura et al., 2013). The aligned results
were further used in the generation of phylogenetic maps by using the
text neighbor joining tree option in MEGA6 with a boot strap value of
1000.
2.3. Chromosomal positioning and gene duplications
For chromosomal positioning, we retrieved the locus information of
each B. rapa annexin and ﬁxed it manually on the corresponding chro-
mosome. Gene duplication information was retrieved from the PLAZA
(http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dicots/).
Sub-genomic localization data were retrieved from http://brassicadb.
org/brad/searchSynteny.php (Cheng et al., 2012a).
2.4. Putative promoter sequence analysis of BrANNS
For the analysis of promoter elements, sequences in the regions up-
stream to the translation start site in every BrANN genes were retrieved
from the BrGDB. Only the gap regions between two genes were used for
sequence selection. A maximum 1.1 kb sequence upstream to the start
site for each gene was analyzed for the presence of cis-elements with
the help of Plant Care (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/). The Cis-elements present within ≤ 300 bp upstream
region from the translation start site were excluded to avoid the possi-
bility of 5′ UTR sequences.
2.5. Plant material and growth condition
B. rapa cv YID-1 (Pusa Gold) or Yellow Sarson seeds, obtained from
Dr. S.R.Bhat of the National Research Center on Plant Biotechnology,
Indian Agricultural Research Institute, New Delhi, India, were used in
this study. Seeds were germinated on moistened blotting paper. Three
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the green house were used for tissue speciﬁc RNA isolation. Growth
room temperature of 24 ± 2°C and 16/8 light/dark photoperiod were
used for the plant growth.
2.6. Stress treatments
Different hormonal and stress treatments were given to the 3 d old
seedlings of B. rapa. Treatments were given with abscisic acid (ABA)
(100 μM), methyl jasmonate (MeJa) (100 μM), salicylic acid (SA)
(100 μM), methyl viologen (MV) (10 μM), sodium chloride (NaCl)
(100 mM) and hydrogen peroxide (H2O2) (10 mM). Treatment with
water served as control.
2.7. RNA isolation and quantitative RT-PCR
Total RNAwas isolated fromwhole seedlings and different tissues by
TRIzol method following manufacturer's instructions (Sigma-Aldrich
Corporation, USA). cDNA was prepared by using total RNA (2 μg),
dNTPs, oligo-dT primer and MMLV Reverse transcriptase (Clontech,
Takara Biotech, Japan) following manufacturer's protocol. The resultant
cDNAs were diluted 2.5 times (1:2.5) with RNase-free water and 1 μl of
diluted cDNAwas used in a total volumeof 10 μl for determining the rel-
ative expression of B. rapa annexin genes using 2× Fast start SYBR green
PCR master mix (Roche GmbH, Germany). Primers used for the Real
Time PCR are listed in the (Table S1). B. rapa ubiquitin was used as a ref-
erence gene. Real time PCR was performed in a 96 well plate using
Realplex Ep4 (Eppendorf GmbH, Germany). Relative gene expression
was calculated according to the delta-delta CT method (Livak and
Schmittgen, 2001).
3. Results
3.1. Genome wide search of annexin sequences in B. rapa
Thirteen annexin like gene sequences (Bra034402, Bra036764,
Bra039578, Bra031890, Bra024346, Bra017102, Bra000091, Bra017103,
Bra000090, Bra033961, Bra009049, Bra009048 and Bra008892)were ob-
served in the genome of B. rapa. Search criteria for annexin sequences in
B. rapa genome database (http://www.plantgdb.org/BrGDB/) were de-
tailed out earlier. Search in other annotation programs like phytozome
(http://phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al., 2012),
Plaza (http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_
dicots/) and ensembl plants (http://plants.ensembl.org/index.html)
showed similar results. Further analysis of all the annexin sequences
with SMART program (http://smart.embl-heidelberg.de/) for domain
search conﬁrmed the presence of annexin domains in all the thirteen se-
quences. B. rapa annexin sequences were also conﬁrmed from the NCBI
and Pfamdatabase (Punta et al., 2012) and their NCBI and Pfam accession
numbers are given in Tables S2 and S3 respectively.
3.2. Chromosomal distribution and duplication of BrAnns
All the 13 annexin sequences of B. rapa are distributed among the
chromosomes (chr) A02, A03, A04, A05, A06, A08, A10 and Scaffold
000,169. The graphical representation of the chromosomal positioning
of B. rapa annexins is given in Fig. 1. Locus information for all the
annexins is provided in Table 1. Subgenomic distribution showed
that B. rapa annexins are distributed among all the three subgenomes
MF1, MF2 and LF. Bra033961, Bra031890, Bra017102, Bra017103,
Bra036764 are present on MF1, the Bra000090, Bra000091 and
Bra034402 are present on MF2 and the Bra024346, Bra008892,
Bra009048, Bra009049 are located on LF. Information about subgenome
location is given in Table 2. At whole Genome level, B. rapa showed an
expansion of annexin family in comparison to A. thaliana. B. rapa ge-
nome, which is mesohexaploid in nature, possesses three sub genomes(LF, MF1 and MF2) due to a recent WGT event in the ancestral genome
of B. rapa since its divergence from A. thaliana lineage at least 13–17
MYA (Yang et al., 1999; Town et al., 2006; Beilstein et al., 2010). Each
sub genome of B. rapa is comparable to A. thaliana genome, which also
shared the changes that occurred in the ancestral genomes of B. rapa
and B. oleracea except WGT (Yang et al., 1999; Town et al., 2006).
Synteny analysis between A. thaliana and B. rapa annexins showed the
differential loss of this gene family on each sub genome fraction
where the highest loss of genes was on the MF2 followed by LF and
then MF1 (Table 4). Whole Genome mapping (WGMapping) of B. rapa
annexin family by PLAZA WGMapping tool (http://bioinformatics.psb.
ugent.be/plaza/versions/plaza_v3_ dicots/) showed that the current
status of annexin family in B. rapa at whole genome level is the result
of eight block duplication (61%) and six tandem duplication (46%)
events in the genome. However, four (50%) out of eight annexins are
tandemly duplicated in Arabidopsis genome and three (37%) have re-
sulted from segmental duplication. The details of gene duplication and
block duplication in the annexin families of B. rapa and A. thaliana are
detailed out in Tables 3 and 5. Bra031890 and Bra024346 showed
block duplications, while Bra000090 and Bra000091, Bra017102 and
Bra017103, Bra009048 and Bra009049 appeared to result from tandem
as well as block duplication events. Bra039578, Bra034402, Bra036764
appeared to be the subgenomic paralogs due to the presence of all
three on the same phylogenetic clade with AnnAt1 and AnnBj1 while
Bra008892 and Bra033961 showed the absence of their subgenomic du-
plicates. The details about these events are compiled in Tables 2 and 4.
See Table 5
3.3. Phylogenetic analysis, gene structure and motif search in B. rapa
annexins
In a phylogeny study comparing B. rapa annexins with annexins of
other members of the family Brassicaceae, we found that annexins
from B. rapa, B. juncea and A. thaliana shared a common ancestry.
B. rapa annexins showed the maximum similarity with B. juncea
annexins. Out of thirteen annexin sequences, three sequences Viz.,
Bra036764, Bra034402, and Bra039578 showed their presence on the
same clade with AnnBj1 and AnnAt1. Two B. rapa annexin sequences,
Bra024346, Bra031890 showed similarity with AnnBj2 and AnnAt2,
and were present on the same clade. Bra000091 and Bra017102 are
grouped with AnnBj3 and AnnAt3. Bra017103 and Bra000090 showed
similarity with AnnBj4 and AnnAt4. Bra033961 showed sequence
similarity with AnnAt5. Bra009049 was found similar to AnnBj6 and
AnnAt6, Bra009048 was found similar to AnnBj7 and AnnAt7 and
Bra008892 was found similar to AnnAt8 (Fig. 2).
Schematic presentation in Fig. 3 represents the structure of all
13 B. rapa annexin gene sequences predicted by the gene structure dis-
play server (http://gsds.cbi.pku.edu.cn/) (Hu et al., 2015). Bra039578,
Bra034402 and Bra036764 shared 92, 95, 94% similarity with AnnBj1
which is 91% similar to AnnAt1. Annexin Bra039578 is 90% similar to
Bra034402, 88% similar to Bra036764 and 87% similar to AnnAt1.
Bra036764 and Bra034402 showed the presence of ﬁve exons while
Bra039578 exhibited four exons in its sequence. In comparison to
these, the AnnAt1 displayed four exons and AnnBj1 showed ﬁve exons.
Bra024346 and Bra031890 are 92% similar in protein sequence and
showed 98% and 94% sequence similarity with AnnBj2. Similarity of
AnnAt2with Bra024346 and Bra031890 was 94% and 90% respectively.
They have four and ﬁve exons respectively in their gene sequences.
AnnBj2 and AnnAt2 displayed ﬁve exons in their genes. Bra000091 is
87% similar to the Bra017102 and both appeared to be segmentally du-
plicated geneswith similarity to AnnBj3 andAnnAt3. Bra000091 showed
87% similarity with AnnBj3 and 82% similarity with AnnAt3. Bra017102
exhibited 95% similarity with AnnBj3 and 84% with AnnAt3. Bra000091
and Bra017102 showed the presence of six exons in their gene struc-
ture, which is similar to the AnnAt3 and AnnBj3 gene structure
(Cantero et al., 2006; Jami et al., 2009). Bra017103 exhibited 88%
Fig. 1. Chromosomal localization of B. rapa annexins. Chromosome number is represented on the top of each chromosome and its size is represented in brackets at the bottom of each
chromosome.
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Bra000090 is 99% similar to AnnBj4 and 85% similar to AnnAt4.
Bra000090 and Bra017103 showed the presence of six exons, which
is similar to AnnAt4 and AnnBj4 gene structure. Bra017102
and Bra017103 are present in tandem on chr A04. Bra000091 and
Bra000090 are present in tandemonChr A03. This tandemarrangement
of annexins is similar to the tandem arrangement of AnnAt3 and AnnAt4
of Arabidopsis. Bra033961 is 90% similar to AnnAt5 and the sequence
showed the presence of six exons that is similar to AnnAt5. Bra009049
and Bra009048 are 85% similar in protein sequence and are similar to
AnnBj6, AnnAt6 and AnnBj7, AnnAt7 respectively. Bra009049 is 99% sim-
ilar to AnnBj6 and 91% similar to AnnAt6. Bra009048 is 98% similar to
AnnBj7 and 90% similar to AnnAt7. Bra009049 and Bra009048 showed
the presence of four exons like AnnBj6, AnnAt6, and AnnBj7, AnnAt7.
Bra009049 and Bra009048 are located on chr A10 in tandemand this ar-
rangement is similar to AnnAt6 and AnnAt7 (Cantero et al., 2006).
Bra008892 showed 89% similarity with AnnAt8 and six exons in its se-
quence with similarity to AnnAt8 (Fig. 3).
3.4. Characterization of deduced amino acid sequences of B. rapa annexins
In a protein sequence analysis using the SMART program at http://
smart.embl-heidelberg.de, we found two annexin domains in
Bra000090 and Bra017103,while Bra039578 showed three annexin do-
mains and an N-terminal transmembrane region in its sequenceTable 1
Description of the locus of the B. rapa annexins. LF least fractionated blocks, MF1 medium
fractionated blocks, MF2 most fractionated blocks. Chr represent the chromosome.
GeneID Chr Subgenome Locus Gene length
Bra033961 A02 MF1 10,581,774-10,583,255 (1.482 kbp)
Bra031890 A02 MF1 27,253,810-27,255,438 (1.629 kbp)
Bra000090 A03 MF2 9,214,931-9,216,718 (1.788 kbp)
Bra000091 A03 MF2 9,218,797-9,220,201 (1.405 kbp)
Bra017103 A04 MF1 16,597,847-16,600,162 (2.316 kbp)
Bra017102 A04 MF1 16,604,453-16,605,989 (1.537 kbp)
Bra034402 A05 MF2 13,458,551-13,460,333 (1.783 kbp)
Bra024346 A06 LF 15,095,250-15,097,367 (1.2118 kbp)
Bra036764 A08 MF1 7,175,709-7,177,187 (1.479 kbp)
Bra008892 A10 LF 14,320,854-14,322,328 (1.475 kbp)
Bra009048 A10 LF 15,024,013-15,025,836 (1.824 kbp)
Bra009049 A10 LF 15,026,727-15,028,437 (1.711 kbp)
Bra039578 Scaffold000169 - 141,815-143,464 (1.65 kbp)between the amino acid (aa) positions (30–49). Bra017103 showed
the presence of a low complexity region (220–231) in its protein
(Table 6). Other annexinmembers showed the presence of four annexin
domains (Fig. 4).
The thirteen identiﬁed annexin sequences appear to encode poly-
peptides ranging from265 to 325 aawith theoretical pI of these proteins
ranging from 5.17 to 9.56 (Table 6). Sequence alignment with ClustalW
showed many conserved and functional domains in BrAnns. Identiﬁca-
tion of different motifs and conserved amino acid sequences became
easier in B. rapa annexins after comparing with the classiﬁcation and
pHMM model of plant annexins given by (Clark et al., 2012). GXGT
-38 aa- E/D, which is an important motif for type II Ca++ binding in
annexins, is present in domain 4 of all B. rapa annexins except
Bra039578, while in domain 1, it is absent in Bra039578, Bra000090,
Bra017103. Type II calcium-binding sites were absent in the second
and third repeats of all the B. rapa annexins. The other conserved
sequences, which were shown to be characteristic of plant annexins ac-
cording to the pHMMmodel given by Clark et al. (2012) are also found
to be present in B. rapa annexins and these sequences mainly include
the Trp residue at 27 and 80, Arg 87, Cys 111 and 239 (Fig. 5). Other
potential membrane binding ligands such as the ‘K/R/HGD’ motif are
also present in the B. rapa annexin sequences (Fig. 5). Bra039578 with
only 3 annexin domains and no type II Ca++ binding site showed a
unique feature, the presence of transmembrane region (Fig. 5).
In a search for post-translational modiﬁcation sites in B. rapa
annexin protein sequences, we found different post-translational mod-
iﬁcation sites, which are frequently (phosphorylation and other modiﬁ-
cation sites) present in all B. rapa annexins like casein kinase II, tyrosine
kinase and cAMP- and cGMP kinases; other modiﬁcation sites that
are speciﬁcally found to be present in some annexin are RGD cell
attachment sequence that is present in Bra034402 and Bra036764,
and microbodies c-terminal targeting signal that is present only in
Bra000090 and Bra009048. An amidation site was also found present
only in Bra017102 in a Prosite motifs scan (prosite.expasy.org/
scanprosite/). These details and the number of the sites are given in
Table 7.
3.5. In-silico analysis of putative promoter sequences of B. rapa annexins
In a search in plant care database for cis acting elements in the puta-
tive promoter regions of BrANNs, we found different cis acting elements
that respond to the treatments with signaling molecules and stress
Table 2
Synteny between annexins of B. rapa and A.thaliana. Chr, Chromosomal location, LF1 least fractionated blocks, MF1 medium fractionated blocks, MF2 most fractionated blocks, tPCKchr
translocation protocalepineae karyotype.
GeneID Chr Subgenome tPCKchr Block A.thaliana orthologs
Bra033961 A02 MF1 6 E At1g68090 (AnnAt5)
Bra031890 A02 MF1 7 X At5g65020 (AnnAt2)
Bra000090 A03 MF2 3 J At2g38750 (AnnAt4)
Bra000091 A03 MF2 3 J At2g38760 (AnnAt3)
Bra017103 A04 MF1 3 J At2g38750 (AnnAt4)
Bra017102 A04 MF1 3 J At2g38760 (AnnAt3)
Bra034402 A05 MF2 1 B At1g35720 (AnnAt1)
Bra024346 A06 LF 7 X At5g65020 (AnnAt2)
Bra036764 A08 MF1 1 B At1g35720 (AnnAt1)
Bra008892 A10 LF 5 R At5g12380 (AnnAt8)
Bra009048 A10 LF 5 R At5g10230 (AnnAt7)
Bra009049 A10 LF 5 R At5g10220 (AnnAt6)
Bra039578 Scaffold000169 – – – At1g35720 (AnnAt1)
Table 4
Distribution of syntenic orthologs of A. thaliana annexins present on the different
subgenome of B. rapa. (−) shows the loss of syntenic ortholog of Arabidopsis annexins
on B. rapa subgenomes LF: least fractionated, MF1: medium fractionated and MF2: Most
fractionated.
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BrANNs putative promoter sequences. These are stress responsive ele-
ments. ABRE element is present in Bra033961, Bra000090, Bra034402
and Bra036764. Upregulation of Bra034402 is in congruence with the
presence of this element in its promoter sequence. The expressionpattern
of Bra000090 and Bra033961 appeared to be independent of ABA. TCA-
element, which responds to SA treatment is present in Bra000091,
Bra000090, Bra017102, Bra034402, Bra008892, Bra009048, and their
upregulation in response to SA treatment appeared to be in line with
the TCA element in the promoter sequences, though the expression
levels varied for different genes. TC-rich repeats present in the promoters
of Bra033961, Bra000090, Bra000091, Bra024346, Bra008892 and
Bra009048, and TGACG and CGTCA-motifs present in the Bra033961,
Bra000090 and Bra000091 respond to MeJa treatment and it supports
Bra000090 upregulation in MeJa treatment, while Bra033961 did not
show any response to MeJa treatment. Wound responsive element
(WUN-motif) is present in Bra034402 and Bra024346. Wound response
results in the control of expression of a wide range of genes related to bi-
otic and abiotic stress (Walley et al., 2007) and are mediated by SA and
MeJa regulated pathways. Upregulation of these two genes in SA and
MeJa treatment is in accordance with the presence of WUN-motif in
their promoter region. An auxin responsive element is present in the up-
stream region of Bra009048. Promoters of Bra033961, Bra000091,
Bra017102, Bra017103 and Bra036764 have GARE element, which is re-
sponsive to the hormone gibberellin. Bra000090, Bra017103 and
Bra036764 possess a Box-W1, which is a fungal elicitor responsive ele-
ment. Bra031890 has ethylene responsive elements (ERE) in its promoter
sequence. The details of various elements displayed by the promoter re-
gions of various B. rapa annexins have been detailed out in Table 8.
3.6. Tissue speciﬁc expression of BrAnns in yellow mustard
Tissue speciﬁc expression patterns of the thirteen annexins were
studied from three different tissues (root, stem and leaf). We present
here the relative expression of each member of the annexin with re-
spect to its expression in the roots (Fig. 6). As reported earlier in other
species, B. rapa annexins also showed distinct expression pattern in dif-
ferent tissues studied. Among the thirteen annexins studied, Bra024346
and Bra031890 showed higher level of relative expression in the rootTable 3
Comparative distribution of A.thaliana and B. rapa annexins in the duplicated genomic
regions. Gene duplication information was retrieved from the PLAZA (http://
bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dicots/).
Species Total Tandem
number
Duplicated genes
percent (%)
Segmental
Number
Duplicated genes
percent (%)
A. thaliana 8 4 50.0 3 37.0
B. rapa 13 6 46.0 8 61.0tissue. In stem, Bra034402, Bra008892 and Bra039578 showed higher
level of relative expression compared to roots and leaves. In leaves,
relative transcripts of Bra017102 and Bra000091 were found to be
more predominant followed by Bra009049, Bra009048, Bra000090
and Bra033961 (Fig. 6).
3.7. Annexins expression is regulated by hormones and abiotic stress
treatments
We studied the change in the expression pattern of the annexins in
response to the hormones (ABA, MeJa, and SA) and abiotic stress treat-
ments (NaCl, H2O2 and MV). The expression of each annexin at 0 h was
used as calibrator to determine its relative expression on temporal scale.
As reported earlier in other plant species, we also found the differential
expression pattern of the annexins of B. rapa in response to different
hormone and abiotic stress treatments. Among the thirteen annexins,
Bra034402 showed the highest level of increase in transcript in all the
treatments.
100 μM ABA treatment showed an increase in the mRNA level of
Bra034402, Bra017102, Bra009048 and Bra039578 after 3 h while
Bra024346, Bra000090, Bra033961, Bra009049, Bra000091, Bra017103
and Bra036764 and Bra008892 showed a decrease after three hours of
treatment. Bra034402 and Bra009048 showed a further increase in
transcript levels till 6 h,which again decreased at 12 h followed by a fur-
ther rebound at 24 h. Bra017102 responded differently with time, and it
showed an increase at 3 h followed by a decrease at 6 h with further re-
bound at 12 h followed again by a decrease in transcript level at 24 h.
Transcript levels of Bra033961 and Bra031890 decreased up to 6 h
followed by an increase at 12 and then a decrease after 24 h of treatment
(Fig. 7).
SA and MeJa, the key signaling molecules involved in plant defense
response against pathogens also caused a signiﬁcant increase in
the transcripts of Bra034402, Bra024346, Bra017102, Bra000090,
Bra009048, Bra008892 and Bra031890; however, the message levelsAtAnns B. rapa
SUB genome
LF MF1 MF2
At1g35720 (AnnAt1) Bra036764 Bra034402
At5g65020 (AnnAt2) Bra024346 Bra031890 –
At2g38760 (AnnAt3) – Bra017102 Bra000091
At2g38750 (AnnAt4) – Bra017103 Bra000090
At1g68090 (AnnAt5) – Bra033961 –
At5g10220 (AnnAt6) Bra009049 – –
At5g10230 (AnnAt7) Bra009048 – –
At5g13280 (AnnAt8) Bra008892 – –
Table 5
Tandem and block duplication within annexin gene family of B. rapa.
Gene ID Strand Chr Tandem d Block d
(Bra039578) − Scaffold (000,169) − −
(Bra033961) − A02 − −
(Bra031890) + A02 − +
(Bra000090) − A03 + +
(Bra000091) + A03 + +
(Bra017103) − A04 + +
(Bra017102) + A04 + +
(Bra034402) − A05 − −
(Bra024346) + A06 − +
(Bra036764) − A08 − −
(Bra008892) − A10 − −
(Bra009048) + A10 + +
(Bra009049) + A10 + +
Table 7
Description of sequence features present in the B. rapa annexins. N-myr N-Myristoylation,
CK2-P Casein kinase II, PKC-P Protein kinase C, cAMP-cGMP cAMP-cGMP kinase, Tyr-P
Tyrosine kinase, N-Glyc N-Glycosylation, micro t s Microbodies C terminal targeting
sequences, Amido amidation site, cell att seq Cell attachment sequence.
Gene ID N-myr CK2-P cAMP-
cGMP
Tyr-P N-glyc micro
t s
Amido cell att
seq
Bra008892 – 7 - 1 2 - – –
Bra024346 2 10 1 1 – – – –
Bra031890 2 9 1 1 – – – –
Bra000091 – 4 1 – 2 1 – –
Bra017102 – 6 1 – 2 – 2 –
Bra009048 1 8 1 1 – 1 – –
Bra009049 3 8 2 2 1 – – –
Bra034402 2 12 2 1 3 – – 1
Bra036764 1 13 2 1 3 – – 1
Bra033961 2 2 – 2 2 – – –
Bra039578 2 8 2 1 2 – – –
Bra000090 7 7 1 2 1 – – –
Bra017103 4 7 1 1 2 – – –
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Bra036764 and Bra039578 showed an opposite response in SA and
MeJa treatment. Annexins which were upregulated by SA and MeJa
maintained their increased mRNA levels even after 24 h of treatment.
Bra034402 was highly upregulated by both SA (~1400 fold) and MeJa
(~600fold) after 3 h of treatment (Figs. 8 and 9).
The mRNA level of B. rapa annexins was also found to be changed
under different abiotic stress treatments given at the seedling stage.
The treatment with H2O2 induced strong upregulation in mRNA level
of Bra034402, Bra024346, Bra017102 and Bra000090, while
Bra009049, Bra009048, Bra008892 and Bra039578 showed compara-
tively little/marginal increase in transcript level. Bra033961,
Bra031890, Bra000091, Bra017103 and Bra036764 showed a decrease
in their transcript. A similar pattern in Bra034402, Bra024346,
Bra017102, and Bra000090 expression was observed with an increase
at 3 h followed by a decrease at 6 h and a rebound in expression at
12 h and again followed by a decrease in transcript levels. The transcript
level of Bra034402was very high, reaching ~300 fold increase, while the
mRNA levels of Bra024346, Bra017102 and Bra000090 reached a maxi-
mum of 25 fold increase (Fig. 10).
Treatments withMV has been used to induce photo-oxidative stress
in B. rapa seedlings and study its consequences on annexin expression.
Annexin members showed a different response as was observed in the
case of H2O2 treatment (Figs. 10 and 11). Bra017102, Bra033961,
Bra009049, Bra000091, Bra017103 showed a decrease in the mRNA
level by the MV treatment while Bra034402 showed nearly ~200 fold
increase in the level of transcripts at 12 h treatment. The upregulation
in Bra024346, Bra000090, Bra008892 and Bra009048 was to a lesser
level with up to 12 fold increase in the transcript levels. The trend in
these members was a continuous increase in transcript levels up to
12 h followed by a decline in the transcript levels. HoweverTable 6
B. rapa annexin gene length, protein size, theoretical isoelectric points and predicted re-
peats andmotifs present in the sequences. CDS l, coding DNA sequence length; AA, Amino
Acid; MW, molecular weight (KDa); PI, Isoelectric point; Ann repeats, Annexin repeats;
transm r, transmembrane region; low c r, low complexity region.
Gene ID CDS l AA MW PI Ann repeats transm r low c r
Bra009048 951 316 36.375 6.43 4 – –
Bra000091 960 319 35.961 5.86 4 – –
Bra008892 948 315 35.638 6.57 4 – –
Bra009049 957 318 36.429 6.73 4 – –
Bra017102 957 319 35.809 5.32 4 – –
Bra017103 960 320 36.277 7.70 2 – 1
Bra024346 951 316 36.00 5.97 4 – –
Bra031890 948 316 36.162 6.10 4 – –
Bra034402, 978 325 37.068 5.17 4 – –
Bra036764 954 317 36.183 5.42 4 – –
Bra039578 798 265 30.430 6.20 3 1 –
Bra033961 951 316 35.986 9.56 4 – –
Bra000090 948 315 35.515 7.25 2 – –Bra009048, Bra031890 and Bra039578 ﬁrst showed an increase in tran-
script after 3 h followed by a decrease at 6 h and again a rebound after
12 h which was followed by again a decrease after 24 h (Fig. 11).
We also checked the response of annexin family members to NaCl
treatments (Fig. 12). Similar to treatments with H2O2 and MV, NaCl
treatment resulted in signiﬁcant upregulation of Bra034402 gradually
peaking at ~500 fold increase after 12 h of treatment. While
Bra024346, Bra000090, Bra008892, Bra031890 and Bra039578 showed
moderate upregulation, Bra033961, Bra009049, Bra000091, Bra017103
and Bra036764 showed a decrease in transcript level (Fig. 12). NaCl and
MV stresses showed almost similar expression pattern in most of the
annexins.4. Discussion
4.1. Annexins distribution among Brassica and other genera
Though annexin proteins of animal origin have been very well char-
acterized, work on the plant annexins has been picking up since the re-
cent past. There have been studies on characterization of annexins from
several plants including Arabidopsis, mustard, rice, maize etc. The
deciphering of the genome of an important Brassica vegetable crop,
B. rapa subsp. Chifu 4402 (Chinese cabbage) would pave the way for
the study of other related subspecies grown in other parts of the
world using comparative genomics approach. Different morphotypes
of B. rapa are grown in different parts of the world; one of its
morphotypes is grown in India as an oil seed crop commonly known
as Yellow Sarson. Since different abiotic stresses affect the productivity
of this crop in India and annexin proteins are known for their role in
plant growth and development under normal and stress condition, we
have attempted the genome wide identiﬁcation and characterization
of the annexin family in this important crop with the genome informa-
tion of Chifu4402. Our observations focus on the identiﬁcation of
annexin sequences in B. rapa genome and their expression analysis in
an important Indian cultivar, Yellow Sarson.
The current status of the B. rapa genome is probably the result of
many changes that happened during the evolutionary process; among
them is the most important event of whole genome triplication
(WGT). Synteny analysis shows that B. rapa and A. thaliana genome
share common evolutionary changes exceptWGT, which is an addition-
al event in B. rapa genome. WGT is an important reason for the expan-
sion and shrinking of many gene families in evolution (Cheng et al.,
2014). The number of annexin sequences identiﬁed in B. rapa genome
(13) is greater than the number of members in a related Crucifer
species, A. thaliana (8) showing that there is an expansion of this gene
family in the speciation process, when a comparison is made at genome
Table 8
Cis acting elements present within the ≤1 kb upstream region from translation start site of the BrANNs.
Gene ID MBS HSE LTR TCA-element TC-rich repeats TGACG-motif CGTCA-motif BOXW1 ERE GARE WUN-motif ABRE TGA-element
Bra033961 + + + + + + +
Bra031890 + + + +
Bra000091 + + + + + + + +
Bra000090 + + + + +
Bra017102 + + + + +
Bra017103 + + + + + +
Bra034402 + + + +
Bra024346 + +
Bra036764 + + + + + +
Bra008892 + + + + +
Bra009048 + + +
Bra009049 +
MBS: MYB binding site involved in drought inducibility, HSE: cis acting element involved in the heat stress responsiveness, LTR: cis acting element involved in the low temperature re-
sponsiveness, TCA-element: Cis acting regulatory element involved in Salicylic Acid responsiveness, TC-rich repeats: Cis acting element involved in defense and stress responsiveness,
TGACG-motif: Cis acting regulatory element involved in MeJa responsiveness, CGTCA-motif: cis acting element involved in MeJa-responsiveness, BOXW1: Fungal elicitor responsive ele-
ment, ERE: ethylene responsive element, GARE: Gibberellin-responsive element, WUN-motif: wound responsive element, ABRE: cis acting element involved in the ABA responsiveness,
TGA-element: Auxin responsive element.
Fig. 2. Phylogenetic tree showing the similarity between B. rapa, B. juncea and A. thaliana annexins. ClustalW and neighbor joiningmethod of MEGA6 programwere used to construct the
tree with a boot strap value of 1000.
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Fig. 3. Schematic representation of gene structure of B. rapa annexins. Black rectangular boxes represent exons and split lines represent introns.
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annexin members on each subgenome.4.2. Phylogenetic analysis
Like other plant annexins, annexins of B. rapa also showed the pres-
ence of annexin domains in all the identiﬁed sequences (Fig. 4).Fig. 4. Representation of annexin domains and conserved AA sequences in B. rapa
annexins. Green/red rectangular boxes respectively show the presence/absence of type
II Ca++ binding sites in the annexin domains, pink bar represents low complexity region
and blue bar represents transmembrane region. W highlights the presence of tryptophan
at 27th position in the annexin protein sequences.Bra000090 and Bra017103 members exhibited only two annexin do-
mains and onemember (Bra039578) possessed three annexin domains
and an N-terminal transmembrane region. All other annexin sequences
exhibited four annexin repeats. The presence of N-terminal transmem-
brane region between the amino acid (aa) positions (30–49) in
Bra039578 is a distinct feature, which was not found in the other
B. rapa annexins. This unique feature may be the result of evolutionary
adaptation in annexin structure due to selection pressure and it also
supports the structural and functional diversity present among the
annexins (Clark et al., 2012). This transmembrane region may play a
role in the membrane anchorage of Bra039578. Many functions of
animal annexins have been proposed taking into consideration their
association with the membrane, Ca++ channel activity, participation
in formation of lipid microdomains and lipid microdomain signaling
or Ca++ dependent and independent membrane binding (Clark et al.,
2012). Similar functions in plant annexins are also expected
(Konopka-Postupolska et al., 2011; Laohavisit et al., 2013; Richards
et al., 2014). Furthermolecular characterization of Bra039578 is needed
to understand the role of its transmembrane region. Phylogenetic com-
parative analysis of B. rapa annexins with their relatives of A. thaliana
and B. juncea showed gene duplication events in B. rapa genome. The
presence of co-orthologous genes in Arabidopsis and B. juncea and
paralogous annexin sequences suggests the possibility of gene duplica-
tion in B. rapa after the divergence from Arabidopsis.
Bra034402 (Chr5), Bra036764 (Chr8) and Bra039578 (Scaffold
000,169) are present on the same clade, but distributed on different
chromosomes suggesting that this could be due to segmental
duplications. The subgenomic location of Bra036764 and Bra034402
respectively on MF1 and MF2 gives a hint about their importance in
B. rapa genome and also suggests the possibility of the presence of
Bra039578 on the third subgenome LF. Phylogenetic analysis shows
that Bra036764 is close to AnnAt1 and Bra039578 is close to AnnBj1.
The B. juncea genome carries the genomes of B. rapa and B. nigra
and only six annexin genes have been identiﬁed in B. juncea so far
(Jami et al., 2009, 2010). Hence, the possibility of the presence other
orthologues for Bra039578, Bra036764 and Bra034402 in B. juncea can-
not be ruled out and this can be conﬁrmed onlywith the availability of B.
juncea whole genome sequence or RNA sequencing.
Other genes, which also showed gene duplication are Bra031890
and Bra024346, present respectively on MF1 and LF and orthologous
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Bra000090 are orthologs of AnnBj3, AnnAt3, Annbj4, AnnAt4 respectively
and distributed among MF1 and MF2 (Table 2). However, analysis
showed the absence of their LF counterparts for both the genes
(Table 4). The presence of Bra017102 and Bra017103 as tandem se-
quences on Chr4, and Bra000090 and Bra000091 in tandem on Chr3
points to the events of segmental as well as tandem gene duplication.
The tandem position of AnnAt3 and AnnAt4 on chr 2 of Arabidopsis ge-
nome supports the fact that either this gene pair was already present
in the common ancestor of B. rapa and A. thaliana or it happened due
to common changes shared by B. rapa and A. thaliana genomes except
WGT after their divergence fromeach other. In addition to this, presence
of these tandem repeats onMF1 andMF2 supports the additional eventFig. 5.Multiple sequence alignment of deduced protein sequences of thirteen B. rapa annexins o
mentioned by star (*) and dots (.), conserved annexin repeat (I-IV) are shown beneath the seq
sequences in Bra017103 indicate low complexity regions. Gray highlighted sequences show the
sible for type two Ca++ binding site. Absence of gray highlighted region shows the absence of
genta color show the predicted position of type II Ca++ binding sites (GXGT-38aa-E) respective
site is absent in the 2nd and 3rd repeats of all the 13members. Sequence in blue color shows the
in F-actin binding; dark cyan region shows the conserved ERDA sequences; Dash indicate the sof WGT in the B. rapa genome. Bra033961, Bra009049, Bra009048 and
Bra008892 have been observed to be orthologs of AnnAt5, AnnAt6,
AnnAt7 and AnnAt8 respectively. Bra033961 is present on chr 2 and
subgenome MF1 while Bra009049 and Bra009048 are present on
Chr10, and in tandem occurrence similar to Arabidopsis AnnAt6 and
AnnAt7. But, they are only present on subgenome LF of B. rapa.
Bra008892 is also present on Chr10 and subgenome LF. Hence, the
loss of their two subgenomic paralogs could be observed in the case of
Bra033961, Bra009049, Bra009048 and Bra008892. According to thedif-
ferential gene loss hypothesis, the tendency of gene loss should increase
from LF bMF1 bMF2. But, in the case of annexins in B. rapa, the current
pattern of annexin loss at subgenomic level is MF2 N LF NMF1. The rea-
son behind this trend is probably the size of annexin family, which is notbtained by clustalw. His-40 residue highlightedwith yellow, other conserved residues are
uence alignment. Bold sequence in Bra039578 indicates transmembrane region. Red color
endonexin (GXGT-38aa-E/D) sequence present in the Ist and IVth annexin domain respon-
Ca++ binding site in the ﬁrst or fourth repeats. Sequences highlighted with Cyan and ma-
ly in the 2nd and 3rd repeat of annexin domains. In case of B. rapa annexin Ca++ binding
K/R/HGDmotifs important for cell attachment. Green region shows the IRI motif involved
equence gaps to optimize the alignment.
Fig. 5 (continued).
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like other big gene families.
4.3. Annexin gene architecture and evolution
Bra000090, Bra000091, Bra008892, Bra017102, Bra017103 and
Bra033961 showed congruent gene structure having six exons, while
Bra031890, Bra036764 and Bra034402 exhibited ﬁve exons.
Bra009048, Bra009049, Bra024346, Bra039578 shared the same genestructure with four exons. As reported recently, B. rapa genome has
gone through WGT and several rounds of genome rearrangement. The
arrangement of B. rapa annexin family also reﬂects the effects of this ge-
nomic arrangement when we look into the A. thaliana genome, which
diverged from B. rapa and did not experience an extra whole genome
triplication (WGT) like B. rapa and other Brassica species (Cheng et al.,
2014).
By seeing the gene duplication pattern in annexin family in the
present case, we found that some members remained conserved
Fig. 6. Tissue speciﬁc expression of B. rapa annexins. Expression studies were carried out with the tissues (root, stem and leaf) from onemonth plants. Expression levels were normalized
against B. rapa ubiquitin. Root expression of each annexin was used as the calibrator for the relative expressions of the respective annexins in other tissues. Error bar represents the
standard error of three replicates. The qRT-PCR experiments represent the mean of n = 3 ± SE, for each biological replicate (n) three technical replicates were used. Asterisks represent
statistically signiﬁcant difference (P b 0.05) in mRNA level as compared to that of the root.
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their duplicated paralogs. The gradual intron loss in B. rapa annexin
probably helped in evolution of new variants with varied functions.
The sequences of Bra034402 and Bra036764 have same number of
introns similar to AnnBj1, while Bra039578 showed an intron loss.
However, Arabidopsis AnnAt1 exhibited two introns, which indicates
internal changes in gene structure after the divergence of B. rapa and
A. thaliana. Bra033961 and Bra008892 showed the loss of their gene du-
plicates, while other members like Bra009048, Bra009049, Bra017102,
Bra017103, Bra000090 and Bra000091 retained at least their one gene
duplicates. One more group, which is gradually evolving, comprised
Bra039578, Bra034402 and Bra036764 among which, Bra039578
appeared to be changed in gene structure showing the presence ofFig. 7.Effect of Abscisic acid (ABA) on expression of B. rapa annexins. Three day-old B. rapa seedl
of treatment. Expression of annexins at 0 hwas used as calibrator to determine the relative expr
with ubiquitin. Error bar represents the standard error of three biological replicates. The qRT-P
technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05three introns, which is higher than AnnAt1 with two introns and
lower than AnnBj1, Bra034402 and Bra036764 with four introns.
Domain structure analysis also shows the transmembrane region in
Bra039578. The other members, Bra017103 and Bra000090 showed
only two annexin repeats. This gain and loss of other functional domains
in the different duplicates of B. rapa annexins is probably the need of
functional adaptation and diversiﬁcation at gene level.
4.4. Predicted post-translational modiﬁcation sites in B. rapa annexins
Different post-translational predicted modiﬁcation sites for
N-myristoylation, Casein kinase II phosphorylation, cAMP and cGMP
dependent protein kinase phosphorylation, Tyrosine kinaseingswere treatedwith 100 μMABA and the sampleswere collected after 0, 3, 6, 12 and 24 h
ession of the individual annexinswith time. Expression levels of annexinswere normalized
CR experiments represent the mean of n = 3 ± SE, for each biological replicate (n) three
) in mRNA level as compared to that of the 0 h.
Fig. 8. Effect of Salicylic acid (SA) on expression of B. rapa annexins. Three day-old B. rapa seedlingswere treatedwith 100 μMSAand the sampleswere collected after 0, 3, 6, 12 and 24 h of
treatment. Expression of annexins at 0 h was used as calibrator to determine the relative expression of the individual annexins with time. Expression levels of annexins were normalized
with ubiquitin. Error bar represents the standard error of three biological replicates. The qRT-PCR experiments represent the mean of n = 3 ± SE, for each biological replicate (n) three
technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05) in mRNA level as compared to that of the 0 h.
Fig. 9. Effect of Methyl jasmonate (MeJa) on expression of B. rapa annexins. Three day-old B. rapa seedlings were treatedwith 100 μMMeJa and the sampleswere collected after 0, 3, 6, 12
and 24 h of treatment. Expression of annexins at 0 h was used as calibrator to determine the relative expression of the individual annexins with time. Expression levels of annexins were
normalizedwith ubiquitin. Error bar represents the standard error of three biological replicates. The qRT-PCR experiments represent themean of n= 3± SE, for each biological replicate
(n) three technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05) in mRNA level as compared to that of the 0 h.
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Fig. 10. Expression of B. rapa annexins under Hydrogen peroxide (H2O2) stress treatments. Three day-old B. rapa seedlingswere treatedwith 10mMH2O2 and the samples were collected
after 0, 3, 6, 12 and 24 h of treatment. Expression levels of annexinswere normalizedwith ubiquitin. Expression of annexins at 0 hwas used as calibrator to determine the relative expres-
sion of the individual annexins with time. Expression levels of annexins were normalized with ubiquitin. Error bar represents the standard error of three replicates. The qRT-PCR exper-
iments represent themean of n= 3± SE, for each biological replicate (n) three technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05) inmRNA
level as compared to that of the 0 h.
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microbodies c-terminal targeting were found to be present in different
members (variably) in B. rapa annexins. The most frequent and com-
monly present phosphorylation sites are CK2 and cAMP-cGMP. Among
the other predicted modiﬁcation sites, N-myristoylation occurs
frequently in BrAnn protein sequences.
4.5. Tissue speciﬁc expression of annexins in B. rapa
Annexin expression is temporally and spatially regulated (reviewed
by Laohavisit and Davies, 2009). The present investigation assaying the
expression analysis of the annexin gene family members in different
tissues and under treatment with hormone and stress inducers also
conﬁrmed the same phenomenon. Bra017102, Bra000090, Bra009049,
Bra000091 and Bra009048 expressed at higher level in leaf than in
other tissues. Bra034402 showed more expression in stem followed
by leaf and then in root. Bra024346 showed higher expression in root
than other tissue. Bra033961and Bra017103 showed equal expression
in stem and leaf, whichwas higher than in the roots. These observations
also corroborate the earlier observations on plant annexinswith tempo-
ral and spatial control of gene expression.
The tissue speciﬁc expression of this family members may be linked
to the speciﬁc function associated with them at different stages of
growth and development. Transcript levels of Bra034402 was found to
be relatively higher in stem whereas the transcript levels of
Bra024346 was relatively higher in roots. This is in accordance with
the relative transcript abundance of AnnAt1 and AnnAt2 of Arabidopsis
(Clark et al., 2001). Like AnnBj3 and AnnBj7 (Jami et al., 2009),
Bra017102 and Bra009048 transcripts were higher in leaves compared
to root and stem. The annexin expression has also been shown to beassociated with the organ development with active cell division in or-
gans such as roots (primary, lateral and root hairs), pollen tubes and
fern rhizoids (Blackbourn et al., 1992; Blackbourn and Battey, 1993;
Clark et al., 1995, 2001, 2005). Cotton annexin AnxGh1 and GhFAnnx
expressed preferentially during ﬁber elongation and development
(Shin and Brown, 1999; Arpat et al., 2004; Wang et al., 2009). AnnAt5
is predominantly expressed in pollen after the bicellular stage and pol-
len tube formation. Down regulation of AnnAt5 in Arabidopsis through
RNAi led to abortion of pollen grains before maturity (Zhu et al.,
2014a,b).
4.6. Differential expression of annexin genes in B. rapa in response to
hormone and stress treatments
We have analyzed the expression of B. rapa annexins in response
to various abiotic stress inducers and hormone treatment. Similar ex-
pression proﬁling of the annexins was reported in Arabidopsis
(Cantero et al., 2006), B. juncea (Jami et al., 2009), rice (Jami et al.,
2012), tomato (Lu et al., 2012), Soybean (Feng et al., 2013) and maize
(Zhou et al., 2013). In our study, we found that salt stress imposed by
100 mM NaCl increased the transcript levels of B. rapa annexins
Bra034402, Bra024346, Bra000090 and Bra008892 (Fig. 12). Salt in-
duced upregulation of annexins was reported in Arabidopsis, where all
annexins except AnnAt2 and AnnAt3 were positively modulated
(Cantero et al., 2006). In B. juncea AnnBj3 was highly induced by NaCl
treatment (Jami et al., 2009). But unlike in Arabidopsis where AnnAt8
was the highest induced (433 fold), we found Bra034402 (500 fold) as
the highly expressed annexin in NaCl stress. Recently, AnnAt1 was re-
ported to be a key component in mediating reactive oxygen species-
activated Ca++ inﬂux across the plasma membrane of root epidermal
Fig. 11. Expression of B. rapa annexins undermethyl viologen (MV) stress treatments. Three day-old B. rapa seedlingswere treatedwith 10 μMMVand the sampleswere collected after 0,
3, 6, 12 and 24h of treatment. Expression levels of annexinswere normalizedwith ubiquitin. Expression of annexins at 0 hwas used as calibrator to determine the relative expression of the
individual annexins with time. Expression levels of annexins were normalized with ubiquitin. Error bar represents the standard error of three replicates. The qRT-PCR experiments
represent the mean of n = 3 ± SE, for each biological replicate (n) three technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05) in mRNA
level as compared to that of the 0 h.
Fig. 12. Expression of B. rapa annexins under SodiumChloride (NaCl) stress treatments. Three day-old B. rapa seedlingswere treatedwith 100mMNaCl the sampleswere collected after 0,
3, 6, 12 and 24 h of treatment. Expression levels of annexins were normalized with ubiquitin. Expression of annexins at 0 h was used as calibrator to determine the relative expression of
the individual annexins with time. Expression levels of annexins were normalized with ubiquitin. Error bar represents the standard error of three replicates. The qRT-PCR experiments
represent the mean of n = 3 ± SE, for each biological replicate (n) three technical replicates were used. Asterisks represent a statistically signiﬁcant difference (P b 0.05) in mRNA
level as compared to that of the 0 h.
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Bra034402, which showed lowest basal level expression in different
tissues, showed signiﬁcantly high levels of expression in treatments
with various hormones and stress inducers.
ABA upregulated Bra034402, Bra017102 and Bra009048. This is
consistent with the previous reports, which suggest the involve-
ment of some members of annexins in ABA dependent stress re-
sponses (Jami et al., 2009; Lu et al., 2012). Bra024346 was down
regulated in response to ABA treatment, but its homolog in
B. juncea, AnnBj2 showed upregulation (Jami et al., 2009). This con-
trasting difference in the expression may be due to the nature of
the regulatory sequences in the respective genes. The presence of
different cis-acting elements in the promoter region of annexins
further suggests their regulation under different stress conditions.
Promoter region of AnnAt1, AnnBj1, Os08g32970, and all annexins
of tomato except AnnSl9 carried the ABA responsive cis-acting
binding element (ABRE), which further supports the regulation by
ABA.
MeJa and SA are the two important hormones involved in plant
defense response against pathogens and insect pests. Oxidative burst
in the form of ROS generation is ubiquitous upon pathogen attack
(Torres et al., 2006; Vellosillo et al., 2010). Both MeJa and SA induce
ROS production in response to pathogen attack (Zhang and Xing,
2008; Mur et al., 2006). In the present study, annexins Bra034402,
Bra024346, Bra017102, Bra000090 and Bra008892were found to beup-
regulated by the MeJa and SA. Although transcriptional regulation of
annexins was reported by these hormones, their role during plant de-
fense response against pathogens is not explored well. In tobacco BY-2
cells, an annexin AnnNt12 is induced by abiotic stress treatments
as well as infection by the bacteria such as Rhodococcus fascians and
Pseudomonas syringae (Vandeputte et al., 2007). In another study on
the ectopic expression of AnnBj1 in tobacco, Jami et al. (2008) reported
an associated upregulation of disease resistance related genes in tobac-
cowith resistance against a phytopathogen. In our study, we found that
the members of annexin family showed differential expression pattern
to the same treatment, some are highly upregulated while a few are
downregulated. Such differential expression pattern supports the previ-
ous reports on functional non-redundancy of annexins in different sig-
naling pathways (Cantero et al., 2006; Jami et al., 2012; Clark et al.,
2012).
Several hypotheses were advanced to elucidate the function of
annexins during environmental stress conditions. They might directly
scavenge the ROS with the associated peroxidase activity (Laohavisit
and Davies, 2009; Mortimer et al., 2009), may associate with
the membranes to maintain their integrity under stress conditions
(reviewed by Gerke andMoss, 2002) ormay formCa++ permeable cat-
ion channels (Gorecka et al., 2007). We ﬁnd that some of the B. rapa
annexins, notably Bra034402, respond quickly to the external stress
applied with signiﬁcant upregulation reaching several hundred fold
increase in certain treatments. Its expression levels change as early as
3 h after treatment. Such quick responses of annexins were also report-
ed in Arabidopsis and B. juncea (Cantero et al., 2006; Jami et al., 2009).
This might be due to sudden change in the cytosolic calcium levels
under abiotic stress conditions (reviewed by Tuteja and Mahajan,
2007), which might transcriptionally activate the calcium dependent
annexins. Bra034402, which is the most signiﬁcantly upregulated
B. rapa annexin in all the treatments in the present investigation, ap-
pears to be a good candidate gene for manipulating stress tolerance in
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